Studies aimed at examining the precise function(s) of the retinoblastoma tumor suppressor protein, RB, have been hindered by the rapid phosphorylation and inactivation of ectopically expressed RB which occurs in the majority of cell types. Therefore, ectopically expressed RB is a poor inhibitor of cellular proliferation. We have designed constitutively active RB proteins, PSM-RB, that cannot be inactivated by phosphorylation. Using these proteins, we show that unlike wild-type RB, PSM-RB proteins inhibit cell cycle progression in a broad range of tumor cell types. Furthermore, unlike p16 ink4a , PSM-RB is also a potent inhibitor of cell cycle progression in RB-de®cient tumor cells. Surprisingly, we identi®ed a tumor cell line that is resistant to the cell cycle inhibitory eects of PSM-RB. This ®nding challenges the hypothesis that RB must be inactivated in all cells for cell cycle progression to occur. Further characterization of this`resistant' tumor line revealed that proliferation of these cells is still inhibited by PSM-RB. We show that this is due to PSM-RB-induced cell death. As such, these studies are the ®rst to show that RB inhibits cellular proliferation through at least two distinct mechanisms ± inhibition of cell cycle progression and induction of cell death.
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Keywords: apoptosis; cyclin; phosphorylation; cell death; RB The retinoblastoma tumor suppressor protein, RB, is inactivated in over 60% of studied human tumors (Bartek et al., 1997; Sherr, 1996) . Inactivation of RB can be achieved through multiple distinct mechanisms, including direct loss of functional protein due to mutation, binding of oncoproteins of DNA tumor viruses, or by overt phosphorylation of RB, which inactivates its growth-suppressing function (Bartek et al., 1997; Sherr, 1996; Wang et al., 1994) . It has been hypothesized that RB must be phosphorylated and inactivated by cyclin dependent kinase (CDK)/cyclin complexes in cells to allow for cell cycle progression, and in tumor cells this process is often deregulated (Bartek et al., 1997; Sherr, 1996) . For example, ampli®cation of the proto-oncogenes CDK4 or Cyclin D1 results in excessive phosphorylation and inactivation of RB. Likewise, loss of the tumor suppressor protein p16 ink4a which normally serves to attenuate the activity of CDK4 and cyclin D1, results in deregulated phosphorylation and inactivation of RB. It is thought that unphosphorylated (i.e. active) RB prevents cellular proliferation by sequestering a host of factors and assembling complexes which inhibit cell cycle progression (De Pinho, 1998; Sidle et al., 1996; Wang et al., 1994) . Phosphorylation of RB by CDK/cyclin complexes causes release of these proteins, and thus enables cell cycle advancement.
Studies aimed at directly de®ning the role of RB in cell cycle processes have been hindered by the fact that ectopically expressed wild-type RB is a very poor inhibitor of cellular proliferation, since it is phosphorylated and inactivated by endogenous CDK/Cyclin activity (Wang et al., 1994; Zacksenhaus et al., 1993) . Because of this, the majority of studies on wild-type RB have been carried out in one cell line, the osteosarcoma-derived SAOS-2, which fails to phosphorylate ectopically expressed wild-type RB (Qin et al., 1992; Templeton et al., 1991) . We have circumvented the problem of RB inactivation/phosphorylation by constructing a series of phosphorylation-site mutated RB proteins (PSM-RB), which cannot be inactivated by phosphorylation (Knudsen et al., 1998a; Knudsen and Wang, 1997) . These proteins are predicted to be constitutively active for growth suppression. In this report, we tested the ability of PSM-RB to inhibit the proliferation of a large number of tumor cell lines. Surprisingly, these studies revealed that RB inhibits cellular proliferation through at least two distinct mechanisms, one via cell cycle arrest and one via cell death.
It has been proposed that phosphorylation of RB is a requirement for cell cycle progression and that a blockade of RB phosphorylation will universally inhibit cell cycle progression (Bartek et al., 1997; Sherr, 1996; Sidle et al., 1996; Weinberg, 1995) . To test this hypothesis, we monitored the action of our PSM-RB proteins on cell cycle progression in seven tumor cell lines which contain functional endogenous RB. To monitor the in¯uence of PSM-RB (or other eectors) on cell cycle progression we co-transfected tumor cell lines with a green¯uorescent protein expression plasmid and plasmids encoding either vector, wild-type RB (WT-LP), p16 ink4a or PSM-RB (PSM.7-LP). The cells were then labeled with bromodeoxyuridine (BrdU) and the incorporation of BrdU in the transfected (GFP-positive) cells was detected by indirect immuno¯uorescence staining, as previously described (Knudsen et al., 1998a) . In the majority of these tumor cell lines wild-type RB had only a limited eect on BrdU incorporation, maximally reducing BrdU incorporation by approximately 1.5-fold ( Figure  1a ). This ®nding is consistent with prior results which demonstrate that wild-type RB is a weak inhibitor of cell cycle progression, since the protein is rapidly inactivated by endogenous CDK/cyclins (Wang et al., 1994; Zacksenhaus et al., 1993) . In contrast PSM-RB was a very potent inhibitor of cell cycle progression, inhibiting the incorporation of BrdU by a 3 ± 11-fold dependent on cell line, similar to the action of p16 ink4a which is known to arrest tumor cell lines expressing functional endogenous RB (Lukas et al., 1995) (Figure  1a ). These results support the hypothesis that even in tumor cells, phosphorylation and inactivation of RB is required for cell cycle progression.
A number of RB-de®cient tumor cell lines have been identi®ed. Some of these are known to be inhibited by wild-type RB (e.g. SAOS-2), whereas others are resistant to the ectopic expression of RB. Again, this resistance has been postulated to be due to phosphorylation and inactivation of the ectopically expressed RB in these cells. As expected, we observed that cell cycle progression of SAOS-2 cells was arrested by both wildtype RB and PSM-RB ( Figure 1b ). The small cell lung cancer cell lines H69 and H209 were also cell cycle inhibited by PSM-RB, as indicated by the signi®cant inhibition of BrdU incorporation ( Figure 1b ). Consistent with these observations, it has been shown that another RB mutant resistant to CDK-mediated phosphorylation causes G1 delay in RB-defective 5637 cells (Antelman et al., 1997) . Since these cell lines are all de®cient for endogenous RB, we ®nd that they are resistant to the in¯uence of the p16 ink4a tumor suppressor protein ( Figure 1b) . Therefore, unlike p16 ink4a PSM-RB acts to inhibit the cell cycle of RB-de®cient cells.
In general, phosphorylation of RB has been viewed as a requirement for cell cycle progression. This idea comes from the ®nding in multiple systems that dephosphorylation of RB both correlates with and is causative for cell cycle arrest (Bartek et al., 1997; Sherr, 1996; Wang et al., 1994) . Surprisingly, we ®nd that C-33A tumor cells progress through the cell cycle in the presence of constitutively active PSM-RB ( Figure 1b ). As shown in Figure 1b , C33-A (HPVnegative cervical carcinoma) cells readily incorporate BrdU in the presence of PSM-RB. Analysis of transfected C33-A cells by¯ow cytometry revealed that PSM-RB had no eect on cell cycle distribution (not shown). Continued cell cycle progression was also observed in C33-A cells transfected with other PSM-RB proteins (PSM.11-RB) and with the combined transfection of wild-type RB and p16 ink4a (not shown). These data challenge the notion that inactivation of RB is required for cell cycle progression in all cells. Interestingly, C33-A cells are RB-de®cient, and it has been previously shown that wild-type RB fails to inhibit the cell cycle in C33-A cells (Zhu et al., 1993) . This had been hypothesized to be due to the phosphorylation of RB in these cells by endogenous CDK/cyclin activity. However, our ®ndings suggest instead that the pathways through which RB functions to impinge on the cell cycle are short-circuited in these cells. Since C33-A cells have been used previously to study RB biochemical activity (Knudsen and Wang, 1997; Whitaker et al., 1998) , we focused on elucidating how these cells bypass the requirement of RB inactivation for cell cycle progression.
To determine how C33-A cells bypass the requirement of RB phosphorylation for cell cycle progression we investigated the behavior of C33-A cells expressing PSM-RB. To carry out these experiments, C33-A cells were co-transfected with vector or PSM-RB expression plasmids and a plasmid encoding puromycin resistance. Transfected cells were then subjected to rapid puromycin selection. Following 48 h of selection, all untransfected C33-A cells were killed (not shown). Transfected cells surviving such a selection procedure were harvested and used for biochemical analysis, as previously described (Knudsen et al., 1998a) . Initially, we investigated the expression of the transfected PSM-RB protein in either C33-A cells, which progress through the cell cycle in the presence of PSM-RB, or in U20S cells, which arrest in response to PSM-RB. We clearly observed the full-length PSM-RB protein in the U20S (arrested) cells (Figure 2a, lane 4) . By contrast, a predominantly cleaved form of PSM-RB (pPSM-D) was observed in the selected C33-A cells (Figure 2a, lane 2) . In transiently transfected C33-A cells (24 h posttransfection) this form of PSM-RB was present, but not predominant (Knudsen and Wang, 1997) . The size of this cleaved fragment of RB is consistent with the cleavage of RB caused by caspases, enzymes germane to the process of programmed cell death (Wang, 1997) .
To determine the eect of PSM-RB expression on cell cycle targets of RB, we analysed the expression of cyclin A in both the PSM-RB-arrested U20S cells, and in the PSM-RB transfected C33-A cells, which were progressing through the cell cycle. Cyclin A was used as a reporter for RB function, since we have previously shown the cyclin A is down-regulated as a consequence of PSM-RB mediated cell cycle arrest (Knudsen et al., 1998a) . We found that cyclin A expression was not down-regulated in the C33-A cells as a consequence of PSM-RB expression (Figure 2b, lanes 1 and 2) . In contrast, in the U20S cells, cyclin A expression was signi®cantly reduced. Thus, PSM-RB inhibits the expression of cyclin A concomitant with the inhibition of cell cycle progression. Presumably in C33-A cells the pathway through which RB acts to inhibit the expression of cyclin A is compromised.
We attempted to expand these rapidly selected cells and establish stable cell lines of C33-A cells expressing PSM-RB, albeit cleaved. Following selection and a total of 8 days in culture, C33-A cells transfected with vector gave rise to numerous colonies (Figure 2c ). However, there was a dramatic reduction in colony number of cells transfected with PSM-RB, relative to those transfected with vector alone (Figure 2c) . Importantly, this result suggests that although PSM-RB does not inhibit cell cycle progression in C33-A cells, it does inhibit cellular proliferation. Consistent with this idea, when we attempted to isolate individual clones expressing PSM-RB we found that none of the isolated clones expressed even the cleaved form of PSM-RB (Figure 1d ). The ®ndings that: (i) the PSM-RB protein is cleaved; and (ii) there is a net inhibition of proliferation without in¯uence of cell cycle progression, suggested that PSM-RB may be inducing cell death in C33-A cells.
To determine how PSM-RB inhibits C33-A proliferation we followed the behavior of C33-A cells transfected with PSM-RB or a small C-terminal fragment of RB (7S-SE) which has no activity (Whitaker et al., 1998) . To monitor those cells transfected with RB we used an antibody directed against the C-terminal of RB for direct immunofluorescence (851) (Welch and Wang, 1993) . In doing so we followed those cells expressing ectopically expressed RB over an extended period. At 48 h following transfection, PSM-RB did not in¯uence BrdU incorporation and the morphology of the RB-positive cells was similar to the untransfected or 7S-SE transfected cells (Figure 3b, and not shown) . However, at 120 h post-transfection a large percentage of the PSM-RB- Figure 1 Cell cycle inhibition by PSM-RB. The indicated cell lines were co-transfected with a GFP-expression plasmid and the indicated plasmids (vector, p16 ink4a WT-RB, or PSM-RB). All cells except SCLC cells were co-transfected with GFP and vector, WT-RB, PSM-RB and p16 ink4a expression plasmids using BES-mediated calcium phosphate as previously described (Knudsen et al., 1998a,b and c) . For transfection of SCLC cells the Tfx-50 reagent was used and a H2B-GFP fusion protein expression plasmid (a gift of Dr G Wahl, Salk Institute) was used in place of GFP. BrdU staining was carried out as previously described (Knudsen et al., 1998b and c) . Cells were subsequently labeled and stained for BrdU incorporation. The percentage of transfected (GFP-positive) cells which incorporated BrdU was determined by counting coverslips. Data shown is from at least two independent experiments with at least 100 transfected cells scored per experiment (ND=not determined). (a) PSM-RB inhibits cell cycle progression of RBpositive tumor cell lines. The date for RD cells and LNCaP cells has been previously published (Knudsen et al., 1998b 
and c) (b)
The eect of PSM-RB on speci®c RB-de®cient tumor cell lines 1 and 2) or U20S (lanes 3 and 4) cells were co-transfected with either vector (lanes 1 and 3) or PSM-RB (lanes 2 and 4) and a plasmid carrying a puromycin selection marker (pBABE-PURO). Co-transfection of pBABE-PURO and PSM-RB or vector control was carried out as previously described (Knudsen et al., 1998a) . For the selection of C33-A and U2OS cells 2.5 mg/ml of puromycin (Sigma) was utilized. After 48 h virtually all untransfected cells were killed at this concentration. After rapid selection with puromycin, selected cells were harvested. Lysates of various transfections were prepared and equal protein was resolved by 7.5% SDS ± PAGE, transferred to Immobilon-P, and RB proteins were detected by immunoblotting with the 851 polyclonal antibody. The cyclin A protein was detected using the Santa Cruz Biotechnology sc-751 antibody. (b) Expression of Cyclin A in PSM-RB expressing C33-A cells. C33-A or U2OS cells were transfected and subjected to selection as described above. Total equal protein was resolved on either 7.5% or 10% SDS ± PAGE, transferred to Immobilon-P. RB and cyclin A proteins were then detected by immunoblotting. (c) Inhibition of proliferation in C33-A cells. C33-A cells were co-transfected with either vector or PSM-RB and a puromycin selectable marker, the cells were subjected to rapid selection and then allowed to form colonies over the course of 8 days. Plates were then stained with crystal violet, and shown are representative from these experiments. (d) Failure to achieve stable expression of PSM-RB. C33-A cells were transfected as described above and colonies were isolated using cloning rings. Isolated colonies were tested for the expression of PSM-RB. Although PSM-RB is present in the rapidly selected cells this protein is not present in any of the stable cell clones positive cells exhibited an aberrant nuclear morphology (Figure 3a) . This suggested that these cells may be undergoing cell death. To test this hypothesis we used terminal deoxynucleotidyl transferase end labeling (TUNEL) assays in situ, wherein only those cells with cleaved DNA are labeled by terminal deoxyunucleotidyl transferase. As a control for cell death in C33-A cells, we treated the cells with 50 mM of cisplatin (CDDP) for 12 h, ®xed, and identi®ed those cells undergoing cell death by TUNEL assay (Figure 3b) . We found that greater than 30% of CDDP-treated C33-A cells stained TUNEL-positive, whereas less than 5% of untreated C33-A cells stained TUNEL-positive (Figure 3b) . At 48 h post-transfection, the 7S-SE and PSM-RB transfected cells exhibited only basal levels of cells staining positive by TUNEL (Figure 3b ). However, after 5 days in culture greater than 35% of the PSM-RB expressing cells scored positive for TUNEL, as compared to the approximately 5% of cells observed with 7S-SE transfected cells. These data illustrate that although C33-A cells are resistant to the cell cycle inhibitory eects of PSM-RB, PSM-RB induces cell death, thereby leading to a strong inhibition of proliferation. Figure 3 PSM-RB induces cell death in C33-A cells. (a) C33-A cells were transfected with plasmids encoding the constitutively active RB protein, PSM.7-LP, or a non-functional RB protein, 7S-SE. Transfected cells were subjected to immunostaining as follows: to detect RB expression in transfected cells the 851 polyclonal antibody and FITC-conjugated secondary antisera were utilized (left panel); TUNEL staining was utilized to detect fragmented DNA using biotin-conjugated dUTP and rhodamineconjugated streptavidin (middle panel); total nuclei were stained by Hoechst (right panel). For RB immunostaining, cells were ®xed in 3.7% formaldehyde in PBS and permeabilized in 0.3% Triton X-100 in PBS. Permeabilized cells were incubated with the 851 antibody (1 : 100 dilution) in IF buer (PBS, 5 mg/ml BSA, and 0.5% NP-40) for 1 h at 378C. Cells were washed with PBS and then reacted with a 1 : 100 dilution of a FITC conjugated donkey-anti-Rabbit secondary for 1 h at 378C. TUNEL staining was carried out as described in the manufacturer's protocol (with the exception of the ®xation and permeabilization steps) (Upstate Biotechnology). (b) C33-A cells were either treated with the DNA damaging agent cisplatin (CDDP), left untreated, transfected with PSM.7-LP or transfected with 7S-SE. Cells treated with CDDP were ®xed for TUNEL staining 12 h after treatment. Cells transfected with PSM.7-LP or 7S-SE were ®xed for TUNEL staining at the times given post transfection
The results presented demonstrate that constitutively active PSM-RB inhibits cell cycle progression in a broad-range of tumor types, consistent with the hypothesis that RB inactivation is required for cell cycle advancement. Importantly, PSM-RB was capable of arresting cell cycle progression in a number of cell types which are resistant to the eects of either wildtype RB or p16 ink4a (Figure 1 ). However, we identi®ed a tumor cell line which is resistant to the cell cycle inhibitory eects of PSM-RB, demonstrating that tumor cells can bypass the requirement for RB phosphorylation, thus relieving the dependency of cell cycle progression on RB inactivation (Figure 2) . Lastly, we observed that cells which are resistant to the cell cycle inhibitory eects of PSM-RB are still inhibited for cellular proliferation by PSM-RB. We demonstrate that this inhibition of proliferation is caused by PSM-RBmediated induction of programmed cell death, showing for the ®rst time that RB inhibits cellular proliferation through at least two distinct mechanisms (Figure 3) .
It had been previously hypothesized that phosphorylation of RB is required for cell cycle progression (Weinberg, 1995) . In support of this hypothesis, we demonstrated that constitutively active RB inhibits cell cycle progression in cells either containing or lacking an endogenous RB protein. This point is particularly salient in that RB is widely mutated or lost in human tumors, and other known tumor suppressor proteins, such as p16 ink4a only arrest cells which express functional endogenous RB protein (Lukas et al., 1995) . In addition, since the growth inhibitory activity of RB acts downstream of the proto-oncogenes Cyclin D1 and CDK4, we expect that introduction of PSM-RB should also arrest cell cycle progression of tumor cells overexpressing CDK4 or Cyclin D1. As such, PSM-RB acts as a broad-range growth inhibitor, capable of short-circuiting the in¯uence of other upstream mutations on uncontrolled cell cycle progression. Surprisingly, we found that inactivation of RB is not an absolute requirement for cell cycle progression in all cells, as we showed that a speci®c RB-de®cient cell line (C33-A) is resistant to the in¯uence of constitutively active PSM-RB on cell cycle progression. How C33-A cells evade the eects of RB on cell cycle progression is still a focus of study. Protein activities which antagonize RB could lead to such a phenotype, and the nature of such cellular and viral proteins have been previously described (Sidle et al., 1996; Wang et al., 1994) . Importantly, C33-A cells are HPV-negative and thus the short-circuiting of RB-mediated cell cycle arrest is not due to the expression of the HPV E7 protein. Furthermore, a large number of biochemical studies on RB have been carried out in C33-A cells and it is known that the function of RB in protein binding and repressing transcription are intact (Knudsen and Wang, 1997; Whitaker et al., 1998) . However, it is possible that cellular proteins which can inactivate RB may be present in abundance in C33-A cells. Alternatively, key proteins which cooperate with RB to induce cell cycle arrest could be absent in C33-A cells (Trouche et al., 1997) . The absence of such a factor could explain why these cells fail to arrest in response to PSM-RB. Presumably the failure of RB to signal to its down-stream targets is responsible for the failure of PSM-RB to arrest these cells. We have shown that RB inhibits the expression of cyclin A during G1 arrest and causes an overall reduction in CDK2/cyclin activity (Knudsen et al., 1998a) . In C33-A cells, which fail to respond to PSM-RB, we ®nd that cyclin A is not down-regulated, indicating that in these cells the pathway linking RB to cyclin A is compromised. Recently, it has been shown that a leukemic cell line fails to arrest in response to a protein similar to PSM-RB (Hoshikawa et al., 1998) . Whether this mutant is eective in arresting other cell lines or whether RB signals to downstream targets in these cells has yet to be determined.
Extended study in C33-A cells indicated that although PSM-RB does not inhibit cell cycle progression of this cell line, introduction of PSM-RB does strongly inhibit cellular proliferation. Analysis of these cells indicated that PSM-RB inhibits cellular proliferation through the induction of cell death. These results are the ®rst to show that RB can inhibit cellular proliferation through two distinct mechanisms, the inhibition of cell cycle progression and the induction of cell death. We hypothesize that PSM-RB induced cell death is due to a con¯ict between the continued cell cycle progression of these cells and the complexes which PSM-RB assembles. Presumably the induction of cell death re¯ects a security mechanism to eliminate those cells which are no longer dependent on the environmental signals which trigger the dephosphorylation of RB. Overall the ®nding that activated alleles of RB trigger cell death suggest that in instances when RB is dephosphorylated prior to apoptosis, the dephosphorylation of RB itself may be assisting in the death of the cell (Wang, 1998) .
In summary, the data presented highlight the potency of constitutively active RB as a broad-range growth inhibitor, and describes a novel mechanism for the growth-inhibitory action of RB. These data underscore the multiple pathways utilized by RB in the prevention of tumorigenesis and provide the basis for new investigations into RB function.
